ABSTRACT Cytochrome oxidase (EC 1.9.3.1) isolated from beef-heart mitochondria with an appropriate phospholipid content forms vesicular structures. Lipid-protein interactions in this model membrane system were studied with thelipid spin label, 16-doxylstearic acid. As the phospholipid/protein ratio is varied, two spectral components are observed. At low phospholipid/protein ratios (<0.19 mg of phospholipid per mg of protein) the lipid spin label is highly immobilized. At higher phospholipid content an additional component characteristic of fluid lipid bilayers is evident. By summation of digitalized spectra and subsequent integration it was shown that all composite spectra could be approximated by assuming only two components are present, and that the amount of phospholipid bound to the protein is independent of the extent of the fluid bilayer region. The experimentally determined amount of phospholipid for maximum occupancy of protein-bound sites is about 0.2 mg of phospholipid per 1.0 mg of protein. Calculations show that this ratio is consistent with a single layer of phospholipid surrounding the protein complex. The data are interpreted as evidence for a boundary of immobilized lipid between the hydrophobic protein and adjacent fluid bilayer regions in this membrane model system.
There is compelling evidence for the existence of phospholipid bilayers in biological membranes. The results of x-ray diffraction studies (1) , differential thermal analysis (2) , and spin labeling (3) have all indicated a similarity in lipid behavior between phospholipid bilayers and membranes. Evidence is also accumulating for the existence of globular amphipathic membrane proteins extending into or through the lipid regions of the membrane (4) . Assuming this general model to be the case, there must exist a boundary between the fluid bilayer region and the membrane proteins. An interesting question arises as to the properties of the lipid-protein interface. Initially, a well-defined membranous preparation with relatively high protein content and easily characterized functional properties is a good system in which to examine lipid-protein interactions. For this study, we chose cytochrome oxidase (EC 1.9.3.1), which forms a model membrane system with partially-characterized components and functional properties (5, 6) . At phospholipid/protein ratios of 0.3-0.7 (w/w), cytochrome oxidase, prepared by the general method of Sun et al. (7) , spontaneously forms membranous vesicles (Fig. 1) . These vesicular structures are essentially an artificial membrane system, but it is reasonable to suppose that interactions between the cytochrome oxidase protein complex and the phospholipids are meaningful in relation to similar associations in the intact inner mitochondrial membrane. In this paper we report a study of membranous cytochrome oxidase of various phospholipid contents that contains a small concentration of the spin label, 16-doxylstearic acid (8) .
The properties of the protein-lipid boundary and the bilayer region are examined by electron spin resonance (ESR) spectroscopy.
MATERIALS AND METHODS
Preparation of Cytochrome Oxidase. Beef-heart mitochondria were prepared by the method of Crane et al. (9) , except that 10 mM Tris HCl (pH 7.8) replaced the phosphate buffer.
These mitochondria were used to prepare membranous cytochrome oxidase by the general method of Sun et al. (7) . Briefly, mitochondrial paste was suspended at 30 mg/ml in 0.25 M sucrose-10 mM Tris HCl (pH 7.1), containing 1 mM EDTA, Triton X-114 added to 0.6 mg of Triton per mg of protein, and solid KCl added to a final concentration of 0.2 M KCl. After it was stirred for 30 min on ice, the suspension was centrifuged three times (78,000 X g for 60 min); each time the supernatant and pellet were discarded and the fluffy middle layer was retained. After the final centrifugation, protein concentration was adjusted to 20 mg/ml. The mixture was treated with Triton X-100 (1 mg/mg of protein) and (11) .
Preparations of Spin-Labeled Cytochrome Oxidase. Cytochrome oxidase suspensions were washed twice by centrifugation and suspended in 10 mM phosphate buffer (pH 7.0). The spin label, 16-doxylstearic acid (Syva Associates), in chloroform solution was evaporated on the bottom of a vial, which was then aspirated to remove traces of chloroform, the buffered cytochrome oxidase suspension was added to the vial containing the thin film of spin label, and the suspension was thoroughly mixed by brief low-power sonication ESR Measurements. All ESR measurements were made on a Varian E-3 spectrometer interfaced with an 8K Varian 620/i digital computer, with the scan speed controlled by an external oscillator. The first-derivative spectra were digitalized and stored on paper tape for later replotting, integration, subtraction, or addition (17) . The usual spectrometer settings were microwave power 5 mW, modulation amplitude 1 G, scan range 100 G. The filter time constant varied from 0.3 to 1 sec for scan speeds of 10-30 min, depending on the line width associated with the sample. All spectra were recorded at room temperature unless otherwise noted. RESULTS spectral data are scaled in two different ways to illustrate different features. In the left column the spectra are scaled to an arbitrary center-line height, while in the right column all spectra are scaled to reflect the same concentration of the spin label as in spectrum a. This procedure allows direct comparison of the spectral line shapes.
At the lowest lipid content (Fig. 2a) , the ESR spectrum is characteristic of strong immobilization of the spin labels. As the lipid content of the membrane increases, a second, more mobile spectral component is easily distinguished (see dashed arrow in spectrum b). With further increase in lipid content, the relative intensity of the more mobile feature increases until the bound component is completely obscured (spectrum d). This is particularly evident when these spectra are scaled to the same concentration (Fig. 2, right) . Because of the narrow line width, the line heights of the mobile component are large and are off scale in spectra b-e, Fig. 2 , right.
The ESR data of Fig. 2 point out three interesting facts: (i) the presence of strongly immobilized spin label at low lipid levels, (ii) the appearance of a very much more mobile component in membranes with higher amounts of lipid, and (iii) the composite nature of the spectra associated with intermediate lipid content. We will now consider each of these facts separately.
In spectrum a of Fig. 2 , the arrows indicate the position of the outer hyperfine extrema. In the absence of molecular motion (e.g., at low temperature) the distance between these two extrema is 2 Az,, where A,, is the principal value of the electron-nuclear hyperfine interaction measured along the nitroxide z axis. As molecular motion increases, these outermost lines move in, so that a measurable spectral feature, 2
Am, serves as an indicator of relative molecular motion. The value of 2 Am for spectrum a (measured between the two solid arrows) is 64 G; the same sample at 770 K has 2 Am = 2 Azz = 69 G. Since 2 Am is very nearly as large as 2 Az,, it is apparent that the spin label in cytochrome oxidase with low lipid content is almost completely immobilized.
In contrast to the strong immobilization seen in spectrum a of Fig. 2 For this purpose, the individual components were assumed to be the spectra from the cytochrome oxidase sample of lowest lipid content (0.10 mg of phospholipid per mg of protein) and from the sample of cytochrome oxidase lipids dispersed in buffer (Fig. 3 , spectra a and e, respectively). These two spectra were digitalized, aligned horizontally with external g-value references, and then summed in different proportions to give the synthesized spectra b, c, and d, Fig. 3 . These summed spectra are a good approximation of the corresponding experimental spectra (Fig. 2, b, c, and d) . The composite spectra do indeed appear to be approximated by various combinations of the same two spectral components.
A digitalized spectrum can easily be integrated twice (17) to determine the relative concentration of spin label. In the summed spectra the relative concentrations were determined by integration of the individual components. By this procedure, i.e., summing to simulate experimental composite spectra and then integrating to determine relative contributions of each component, the proportions shown at the left of Fig. 3 were calculated. Thus, it is possible to estimate the relative spin-label concentrations contributing to the composite spectrum.
The third question concerns the amount of immobilized phospholipid relative to the amount of protein present. Assuming the distribution of the lipid spin label faithfully reflects the distribution of phospholipids in the two environments, the amount of bound lipid, Cb, in units of mg of phospholipid per mg of protein, is simply Cb = CIx, where Ct is the experimental value for total phospholipid of the membrane preparation in units of mg of phospholipid per mg of protein and X is the fraction of the total absorption contributed by the bound component. From Fig. 3 , the values of X for the three membrane preparations (Fig. 3, b, c, and d) Preparations where C, < 0.19 show only the bound component, whereas, when C: 2 0.24, the spectra also show a mobile component (Fig. 2) . Evidently, as the lipid content increases, the bound sites are fully occupied, and phospholipid in excess of this amount forms fluid bilayers.
Estimation of boundary lipid
Given the observation that about 0.20 mg of phospholipid per mg of protein is immobile in the cytochrome oxidase membranes, the obvious question arises as to how this can be -accounted for in molecular terms. The immobilization is evidently an effect of the protein on the lipid, since no counterpart is found in the spectrum of the lipids extracted from the membranes.
As observed by electron microscopy, the protein complexes have an irregular shape in the plane of the membrane (18) . This shape can, however, be approximately represented by a rectangle of 52 X 60 A, based on measurements made on the micrographs. A plausible hypothesis is that the first lipid layer around the protein complex corresponds to the immobilized component. We can calculate the number of lipid molecules that can be accommodated in a layer that is one aliphatic chain thick and then compare the value obtained with the measured amount found.
The diameter of an extended aliphatic chain is about 4.8 A, as deduced from x-ray diffraction studies of hexagonal close-packed arrays of phospholipids (19) (18) have shown that measurements from electron micrographs (of crystalline regions that occur in some preparations of membranous cytochrome oxidase) are consistent with the interpretation that all phospholipid is distributed between the protein complexes. Second, the spin labels are observed to exchange between the boundary layer and fluid bilayer regions. This is most evident in the second column in Fig. 2 . In this figure, the ratio of spin label to protein is held constant, while the total phospholipid increases from 0.10 to 0.49 mg of phospholipid per mg of protein. The height of the immobilized spectral component decreases monotonically as a funcProc. Nat. Acad. Sci. USA 70 (1973) tion of increasing phospholipid, indicating the ability to exchange between regions where the labels are immobilized and regions of fluid bilayer. Therefore, although we cannot completely rule out the possibility of phospholipid buried in the protein, the ESR data are most easily accounted for in terms of the boundary lipid model (Fig. 4) .
In summary, we have shown that the model membrane formed by cytochrome oxidase and phospholipid contains two distinct phospholipid regions, differing markedly in fluidity. We interpret our data to support the concept that protein complexes extend into or through the bilayer region and that the hydrophobic protein surface tightly binds a layer of lipid, effectively reducing the phospholipid participating in fluid bilayer formation. Given the amphipathic properties of many membrane proteins, the existence of boundary lipid may be a general phenomenon and would tend to reduce the amount of phospholipid available to form fluid bilayer regions in biological membranes.
